A series of experiments was carried out to investigate how fundamental frequency declination is perceived by speakers of English. Using linear predictor coded speech, nonsense sentences were constructed in which fundamental frequency on the last stressed syllable had been systematically varied. Listeners were asked to judge which stressed syllable was higher in pitch. Their judgments were found to reflect normalization for expected declination; in general, when two stressed syllables sounded equal in pitch, the second was actually lower. The pattern of normalization reflected certain major features of production patterns: A greater correction for declination was made for wide pitch range stimuli than for narrow pitch range stimuli. The slope of expected declination was less for longer stimuli than for shorter ones. Lastly, amplitude was found to have a significant effect on judgments, suggesting that the amplitude downdrift which normally accompanies fundamental frequency declination may have an important role in the perception of phrasing.
INTRODUCTION
The declination effect, or the tendency of pitch to drift downwards over the course of an intonation group, has been observed in many languages. way that each ramp coincides with a suitable syntactic unit. Ohala (1978) conjectures that the usefulness of resetting as a cue to syntactic organization has led to its being regularized in the linguistic system. This position is defended at length in Breckenridge (197'/).
In view of this conclusion, it seems worthwhile to examine declination not only from the point of view of physiology, but also from the point of view of mental representation. For this reason, a series of experiments on how declination is perceived by speakers of English was carried out. The present paper describes the results of these experiments. In all experiments, subjects were asked to judge which of two given stressed syllables in a nonsense sentence was higher in pitch. It was found that in making this judgment, they corrected for the expected declination; the peak configuration for which they answered at random actually had a second peak which was lower in pitch than the first. Subsequent experiments examined the effects of pitch range, amplitude contour, and utterance length on the amount that subjects corrected for declination. These variables were selected for study because their relationship to the declination effect in production is of interest. Pitch range was chosen because informal examination of F o contours had shown that speakers tend to produce a steeper declination when using vivid, wide-pitch range intonation than when using more monotonous, narrow-pitch range intonation; in short an increase in pitch range affects the beginning of an intonation group more than the end. By examining the extent to which subjects' normalization for declination in perception can be affected by pitch range, we gain a clue to the extent to which the listener's mental representation of declination reflects the complexities of production patterns. Testing how the slope of expected declination is affected by utterance length provides a second clue, because slope is known to be affected by utterance length in production. Amplitude contour was used as an experimental variable because the available data show that the F o downdrift on an intonation group is accompanied by an amplitude downdrift, which typically totals 3-4 riB. A set of two experiments was carried out to test the hypothesis that the listener relies on the amplitude downdrift as well as the pitch downdrift in forming an impression of phrasing.
I. EXPERIMENTAL METHODS
The stimuli for the experiments were constructed using a linear prediction analysis.-resynthesis scheme. The version of linear prediction coding used here (Atal and Hanauer, 1971) represents the speech waveform in terms of two source functions, 1• o and amplitude, and 12 pseudoarea functions which characterize the filtering properties of the vocal tract. Using speech coded in this way, it is possible to manipulate the F o or amplitude of an utterance and then resynthesize it with essentially the original segmental phonetics. The sentence analyzed was a nonsense sentence, in which the speaker had replaced the syllable "ma" for each syllable of "The baker made bagels," whfie preserving the prosodic pattern (Liberman and Streeter, 1978) . The/r o contour on the last stressed syllable in this sentence was scaled up and down by small increments from its original position, so as to. produce a set of contours like that schematized in Fig. 1 . Each pitch contour was recombined with the area functions from the original utterance. Multiple tokens of each stimulus were then synthesized (the number of copies varied between nine and 15 in different experiments). All were randomized in blocks so as to insure that no more than two tokens of the same stimulus appeared in a row. Paid high school subjects heard each token once before recording on their answer sheets whether the first or second stressed syllable seemed higher in pitch.
• Practice items.were adminstered and scored before the start of each experiment to insure that the subjects understood the instructions.
Statistical methods described in Sec. II were used to estimate what value of the second peak would have elicited random responses. With certain reservations discussed below, this crossover point may be viewed as reflecting the second peak value which would make the second peak seem equal to the first. As mentioned above, pilot experiments established that subjects made a systematic, though not complete, correction for declination in judging which peak was higher; the second peak which was estimated to be subjectively equal to the first was in fact about 10 Hz lower? The experiments reported here each involved several stimulus sets, which were constructed as in Fig. 1 the results for all sets equally. Comparing the crossover points for the stimulus sets in an experiment gave a measure of the importance of each experimental variable to the subjects' expectations about declination.
The pitch range experiment used stimuli which preserved the amplitude contour of the original utterance. Since the original amplitude contour downdrifted, subsequent experiments used stimuli in which the possible effects of amplitude were better controlled; in the utterance length experiments, the amplitude was ramped up over the first and down over the last syllable and kept constant in between, while in the amplitude experiment, the artificial amplitude contours shown in Fig.   2 were used. The stimuli used in the, amplitude and utterance length experiments also differed from those used in the pitch range experiment in two aspects of the pitch contour. First, the shape of the pitch contour on the second stressed syllable was copied from that on the first, and then scaled up and down by small incre- 
II. STATISTICAL METHODS
The statistical analysis of the data had two aims: to estimate the crossover point for each set of stimuli, and to determine whether the crossover points for different stimulus sets in an experiment were significantly different.
To estimate the crossover point, the proportion of 2rid-peak-higher responses elicited by each stimulus in a set was plotted against the difference between the peak i• o on the second stressed syllable and the peak 1• o on the first stressed syllable. An inverse cumulative normal transform was taken of the proportion 2nd-peak-higher responses, and a line was fit by least squares to the transformed data. The crossover point was taken to be the point at which the cumulative normal curve thus fitted had an ordinate of 0. 71 Hz higher than the baseline point at which the intonation contour started. In the second set, the first peak was at 121 Hz, so the initial rise spanned 41 Hz. In each set, the second peak was varied by small increments as described above. The peak values actually used are displayed in Table I. 4 There were an equal number of stimuli in each set with a second peak higher th•n the first as lower than the first.
Ten tokens of each stimulus were made and all were randomized together. There were nine subjects, so that altogether 90 responses to each stimulus were obtained.
The results fo• the pitch range experiment are summarized in Fig. 3 . The crossover point for the wide pitch range stimuli was -9o 2 Hz, while the crossover point for the narrow pitch range stimuli was 5.6 Hz.
This difference was found to be significant at the 99% level. There was l•kewise 99% certainty that the crossover point for the wide pitch range stimuli was less than 0; this means that we can feel confident that the subjects made a correction for declination in judging the wide pitch range stimuli, rather than reacting on the basis of their acoustical features alone.
It seems perplexing at first that the crossover point for the narrow pitch range stimuli was actually higher than 0. Does this mean that the subjects expected a pitch updrift in the narrow pitch range stimuli, and corrected accordingly? This explanation seems unlikely, in view of the fact that a pitch updrift is found only in marked intonation patterns in English, such as yes/ no questions. It seems more probable that a response bias shifted both curves to the right of their true locations.
Since there were the same number of stimuli with the second peak physically higher than the first as lower, the subjects by correcting for declination would perceive a greater number of stimuli with the second peak higher. On the assumption that the "true" correction for declination would be 16 Hz for the wide pitch range stimuli (16 Hz was the actual F o drop in the recording from which the stimuli were constructed) and 0 Hz in the narrow pitch range case (0 Hz is the most conservative hypothesis which does not posit an updrift),-we would expect that about 65% of the responses in the experiment would be 2nd-peak-higher responses. In fact,the pitch range experiment elicited 51% 2nd-peak-higher responses. All subsequent experiments, which used a set of second peak values designed to be balanced around a perceptual rather than a physical point of equality with the first peak, elicited between 48% and 53• 2nd-peakhigher responses. The fact that the percentage w•s close to 50% regardless of the range of variation in the second peak suggests strongly that subjects balanced their answer sheets. The conclusion to be drawn is that the location of a crossover point for a stimulus set is a less interpretable experimental result than are differences between crossover points for stimulus sets in the same experiment.
IV. AMPLITUDE EXPERIMENTS
In the stimuli for these two experiments, the relative amplitude and relative pitch of the two peaks were varied orthogonally. The pitch contours used differed from those used in the pitch range experiment by controlling for peak location and flatness and for F o on unstressed syllables as described above. The first peak was at 169 Hz, with the nine second peak values evenly spread in the range from 135 to 192 Hz. As mentioned above, this range of variation was chosen so that roughly the same number of stimuli would be perceived as having the first peak higher as having the second peak higher. The amplitude contours used are shown in Fig. 2 . In the first, the amplitude of the first peak is 4 dB greater than that of the second; in the second, the first is 2 dB greater; in the third, the two stressed syllables have the same amplitude. In the fourth set, the second peak is 2 dB greater than the first, and in the fifth, it is 4 dB greater. All combinations of F o and amplitude contour were synthesized.
In the first experiment that was done using these stimuli, the subjects were asked to judge which stressed syllable was higher in pitch. There were ten subjects, who heard nine tokens of each stimulus. Subjects were asked to judge first the relative loudness of the two peaks, and then the relative pitch, for each of the tokens presented. The token was repeated twice in order to facilitate this judgment. Testing was carried out on two successive days in order to elicit ten paired responses per stimulus without fatiguing the subjects. There were eight subjects.
Multiple regression was used to provide an indication of the subjects' success in separating pitch and loud- Thus, while in the first experiment, increasing the relative amplitude of the second peak increased the probabfiity of a 2nd-peak-higher response, in the second experiment, subjects hypercorrected; increasing the amplitude of the second peak decre•.sed the probability of a 2nd-peak-higher response. The magnitude of the effect of amplitude in this experiment was, however, about half the magnitude of the effect found in the first experiment. Thus subjects with only minimal practice had some success in separating pitch and loudness; we infer that the results of the first experiment were not due to a psychophysical effect of amplitude on pitch perception, but rather to the subjects" providing judgments of relative prominence rather than relative pitch.
V. UTTERANCE LENGTH EXPERIMENTS
Two experiments examined the affect of utterance length on the expected declination. In the first experiment, the total length of the utterance was varied by manipulating the number of unstressed syllables in the middle portion of the utterance. Stimuli were constructed with one, two, or three unstressed syllables between the two stressed syllables. To make the third set, which had one more syllable than the original utterance, the LPC parameters for one of the original roedial unstressed syllables were reduplicated. The F 0 contour between the two stressed syllables had the same shape in all three sets of stimuli, having been stretched or shrunk to the correct duration to span one, two, or three unstressed syllables. Table II summarizes The crossover points estimated for sets 1, 2, and 3 were -6.9, -9.2, and -8.4 Hz, respectively. The probability that the difference between two sets was due to chance was for all three pairs greater than 30%; in particular, there was greater than 35% probability that the difference between sets I and 3 was due to chance.
In view of the fact that manipulating pitch range and amplitude had produced highly significant differences in the correction subjects made for declination, it was concluded that the total declination expected in a short to medium length utterance is unaffected by the length of the utterance, as measured in syllables or in actual time.
This result does not, however, rule out the possibility that the expected declination varies with the number of stressed syllables. Thus a second experiment was carried out which manipulated this variable. In this experiment, all the stimuli were seven syllables long. In set 1, three unstressed syllables intervened between the stressed second and sixth syllables. In the remaining stimuli, the fourth, or middle, syllable was stressed. This meant that there were three stressed syllables in the utterance; subjects were asked to compare pitch on the first and last.
There was some concern that comparing the first and third of three stressed syllables would be a difficult task for the subjects, and that they would adopt a strategy of comparin• the third to the second, or to a value expected from extrapolating a line connecting the first and the second. In this case the choice of second peak value would determine the results of the experiment. As a check on whether such a strategy was adopted, two different values for the second peak were used. Set 2 had a second peak of 149 Hz, and set 3 had a second peak of 163 Hz. In each set, the first peak was at 169 Hz and the last peak was varied as in the first experiment. The experiment involved 18 subjects who responded to 12 tokens of each stimulus.
The crossover points for sets 1 and 2 were -11.1 and -10.9, respectively. It was estimated that there was greater than 45% probabfiity that the difference between these two values was due to chance. The crossover point for set 3, with the higher roedial peak, was -6.8
Hz; this result was significantly different from the re- 
